On the basis of first-principles calculations, pure and doped C 32 clusters are studied. Among the nine structural isomers, the fullerene structure with D 3 symmetry is found to be the most stable. Due to the small size of the C 32 cage, Li and Na atoms can be stably encapsulated, while K and Be atoms are not. On encapsulation, the bond length of the H 2 molecule is reduced while the vibration frequency is increased. Substitutional doping is more favourable than endohedral doping for Si atoms. Because of the sp 2 -bonding features of C atoms, the Si atom is also threefold coordinated in substitutional doping; however, the existence of one dangling bond in the Si atom makes this doped heterofullerene reactive at the Si site, and H termination can produce substantial energy gain.
Introduction
It is well known that carbon atoms have very flexible bonding features: sp 3 hybrid orbitals form strong σ -bonding, while sp 2 and sp 1 hybridizations form σ -and π -bondings. Therefore, carbon systems can exhibit very rich structures: graphite, diamond, fullerene, carbon nanotubes, amorphous carbon, porous carbon, graphite intercalation compounds (GIC), and so on. These carbon-based materials display various unique properties, from insulating to superconducting. Since the discovery [1] and large-scale synthesis [2] of C 60 , numerous studies have been devoted to fullerene systems in the last two decades. In recent years, with the advent of flexible and precise experimental techniques, well controlled small carbon clusters became experimentally accessible, and attract much attention: small clusters C n (n < 20) with ring structures [3] [4] [5] [6] , C 20 [7, 8] , C 28 [9, 10] , C 32 [11] , and C 36 [12] [13] [14] [15] . Detailed studies on these small carbon clusters are very important not only as regards understanding the formation mechanism of fullerene [16, 17] , but also in many practical fields such as astrophysics, stellar chemistry, and combustion processes [18] [19] [20] [21] . Among the small carbon clusters, C 32 is particularly interesting, since it is very stable with a large gap of 1.3 eV, as found recently [11] . Moreover, the C 32 cluster is closely related to C 60 by a duality relationship, where the atoms in one structure correspond to ring centres of the other. In spite of the fact that fullerene itself and its derivatives have become a fashionable topic in both experimental and theoretical studies, compared with the other fullerene clusters, study on C 32 is still incomplete, e.g., it is well known that many fullerene cages can trap atoms or molecules-but how about the C 32 cluster?
To the best of our knowledge, no study on this question has yet been reported, which has motivated us to perform first-principles calculations.
Computational method
Ab initio methods based on density functional theory (DFT) are well established tools for studying structural properties of materials. Among them, the plane-wave basis and pseudopotential method combined with DFT has provided a simple framework, in which the Hellmann-Feynman forces are used to perform geometry optimization. In the present calculations, we have used a powerful ab initio ultrasoft pseudopotential scheme with a planewave basis (the Vienna Ab Initio Simulation Program (VASP)) [22, 23] . The method is based on the finite-temperature local density functional theory developed by Mermin [24] , where the variational quantity is the electronic free energy. Finite temperature leads to the broadening of the one-electron levels and is helpful for improving the convergence of Brillouin-zone integrations. The electron-ion interaction is described by a fully non-local optimized ultrasoft pseudopotential [25, 26] . The minimization of the free energy over the degrees of freedom of electron densities and atomic positions is performed using the conjugate-gradient iterative minimization technique [27] . The edge length chosen for the cubic supercell is 18 Å. In such a big supercell, just the point is sufficient to represent the Brillouin zone. The generalizedgradient approximation (GGA) is adopted for the exchange-correlation potential [28] . The structure optimization is not restricted to certain symmetries, and the optimization is terminated when all the forces acting on the atoms are less than 0.01 eV Å −1 .
Results and discussion
As a test, the calculation was performed for the C 2 molecule; the equilibrium bond length obtained is 1.25 Å, in agreement with other calculations [29] .
Structures of C 32
Since there are many structural isomers for 32-atom carbon clusters, it is impossible to consider all of them. We choose two kinds of structure: one is the so-called fullerene structure [30] , where the cage contains only pentagonal and hexagonal rings and the atoms are threefold coordinated; the other one is a non-fullerene structure. Figure 1 shows the initial structures for the nine isomers considered; the first six isomers have fullerene structures, and, according to Euler's rule, there are 48 edges and 18 faces composed of twelve pentagons and six hexagons; the last three isomers are non-fullerene structures. Isomer 7 consists of twelve hexagons and six squares; the six squares are arranged as three pairs perpendicular to three orthogonal axes. Isomer 8 is formed by six squares and eight centred hexagons; this is the most stable structure for the spherical B 32 cluster [31] . Isomer 9 is composed of a central belt of two parallel tenatom rings capped on each side by a pentagonal pyramid; the two halves of the cluster are staggered with respect to each other. Table 1 lists the total binding energies and gaps between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). We find that isomer 6 in the fullerene structure is the most stable with the largest HOMO-LUMO gap (1.29 eV), which is quite close to the experimental value (1.30 eV) [11] , and the average binding energy per atom is 8.39 eV, smaller than the corresponding value of 8.72 eV for C 60 [32] . In terms of the spiral representation [30] , the structure for isomer 6 is in the sequence [555656565565656555] , where there are two groups of three pentagons abutted, at variance with the isolated-pentagon rule proposed by Schmalz et al [33] . In the first seven isomers, every C atom has three coordinations conforming to the usual valence requirements of sp 2 bonding, so the total binding energies are much lower than those of the last two isomers. In particular, isomer 6 is more stable than isomer 8, indicating that carbon atoms are quite different from boron atoms as regards bonding features. On the basis of the most stable D 3 structure of the C 32 cluster, the doping properties are discussed below.
Atom@C 32
The idea [1] that fullerene might be able to encapsulate atoms and molecules has been verified by the successful synthesis of a range of endohedral fullerenes, in which metallic or nonmetallic species are trapped inside the carbon cage [34] , displaying very interesting physical and chemical properties such as pseudoatom behaviour, magnetism, and superconductivity. Extensive studies have been devoted to endohedral fullerene C n with n = 28, 36, 60, 70, 74, 82, and 84 [35] [36] [37] [38] [39] . How about the situation in C 32 clusters? For the most stable D 3 structure, table 2 lists the results for doping with Li, Na, K, and Be, where δE is the energy gain upon doping, the energy reference is taken to be zero for the pure C 32 cluster, and r is the average length of the bond between C atoms. We see that due to the small size of the cage only Li and Na atoms are stably encapsulated. It has been found recently that Na is the largest alkali atom to be intercalated into C 36 crystal without causing severe structural distortion [40] . In the C 32 cluster, the doped atoms are located nearly at the centre of the cage. The changes in the mean C-C bond length indicate that the cage is slightly enlarged by encapsulation. As a simple case of molecule encapsulation, we study H 2 @C 32 . In the C 32 cluster, as stated above, there are two groups of three pentagons abutting, where the two special common vertices are labelled as P1 and P2, shown in figure 2. For the most stable D 3 structure, we consider two configurations: the H 2 structure is orientated perpendicular and parallel to the axis connecting P1 and P2, labelled as configurations I and II; their total binding energies are −274.232 eV and −274.248 eV, respectively. Configuration II is more stable. For the equilibrium bond length of the free H 2 molecule, we get the value of 0.765 Å, in agreement with the experimental result of 0.75 Å [41] . However, after encapsulation, the bond length is reduced to 0.74 Å, similar to what has been found for H 2 @C 60 [37] . The formation energy is defined as the difference between the total binding energies:
; for H 2 @C 60 , E = 0.05 eV [37] ; but due to the smaller size of the C 32 cage, more energy is needed, and for H 2 @C 32 , E = 1.00 eV.
In order to calculate the vibration frequency of H 2 in a C 32 cage, the host atoms were kept fixed at their equilibrium positions; the light mass of the hydrogen atom justifies this approach. 4400 cm −1 [41] , while the anharmonic effects lower this value by 239 cm −1 to 4161 cm −1 [42] . In calculating the vibration frequency of H 2 , we consider the anharmonic effect up to the fourth order of H-H-bond displacement. Around the equilibrium bond length r 0 , the potential energy can be expressed as [43] 
From the harmonic frequency ω h , the vibration frequency ω can be obtained as follows:
where c and M denote the speed of light and the reduced mass. By fitting E(r) for several points, we obtain ω h = 4411 cm −1 and 4676 cm −1 , ω = 4201 cm −1 and 4452 cm −1 for free and encapsulated H 2 , respectively. Compared with the free H 2 molecule, upon encapsulation in C 32 , the bond length is reduced, while the vibrational frequency is increased, similar to the situation for H 2 @C 60 [37] .
The nature of the bonding in SiC 31
Substitutionally doped heterofullerenes with silicon atoms are also of great interest. Although Si belongs to the same group as C, its chemical behaviour is quite different. The chemistry of C is characterized by very flexible bonding features; it is able to form single, double, and triple bonds with itself and with other atoms. However, the larger number of core electrons in Si makes it much more difficult for two Si atoms to form double and triple bonds. Consequently, Si prefers to form multidirectional single bonds (sp 3 ). This feature is quite obvious for pure Si clusters, which are known to adopt compact three-dimensional structures. For this reason, the stability and bonding features of substitutionally doped heterofullerenes are quite active subjects. Recently, substitutionally doped heterofullerene C 2n−q Si q clusters were successfully synthesized using laser vaporization for 2n = 32-100 with q < 4 [44] and 2n = 32-80 with q < 3 [45] .
For the simplest case, based on the most stable structure of D 3 for the C 32 cluster, we study the SiC 31 cluster with two configurations: in the first one, the Si atom occupies the common vertex of three pentagons abutting; and in the second one, the Si atom is at the common vertex of the pentagon and hexagon; these are labelled as configurations A and B. After full optimization, the Si atom still is coordinated with three carbon atoms. The main reason is that in a fullerene cluster, C atoms prefer to have sp 2 bonding, and if a Si atom is bonded with four C atoms, sp 2 -bonding features will be destroyed for some C atoms, which is energetically unfavourable. The total binding energies for the two configurations are −263.699 eV and −263.735 eV, respectively. Configuration B is more stable.
Although the Si atom in the C-atom cage is threefold coordinated, essentially the Si atom prefers sp 3 bonding. Therefore, there is still one dangling bond at the Si site, which can be terminated by hydrogen. Upon H termination, the total binding energy increases by 4.496 and 4.228 eV for configurations A and B, respectively, confirming that even in the sp 2 environment of the carbon cage, the Si atom still potentially prefers sp 3 bonding. In fact, in nanostructured SiC films grown by soft landing of Si-C clusters, x-ray photoelectron spectroscopy (XPS) reveals evidence for a mixing of sp 2 and sp 3 hybridizations in carbon-rich local phases [46] . Therefore, doped heterofullerenes with silicon atoms are expected to be very reactive at Si sites, which offers a path towards the polymerization of fullerene. Table 3 lists the total binding energies, bond lengths, and energy gains for H termination. In SiC 31 , the Si-C bond length is about 1.83 Å, larger than in the SiC molecule (1.72 Å) [47] . Upon H termination, the Si-C bond length is enlarged further, but the mean C-C bond length is not changed. The Si-H bond length is about 1.48 Å. Figure 3 shows a schematic representation of the structures of SiC 31 (a) and HSiC 31 (b) clusters. Table 3 . Total binding energies E (eV), energies δ gained upon H termination of the dangling bond in Si, and mean bond lengths r(C-C), r(Si-C), and r(Si-H) (Å). Another question is that of whether the Si atom prefers endohedral or substitutional doping. To compare Si@C 32 and SiC 31 , we calculated the average binding energy per atom , which can give information on the stability of clusters with different sizes, as used for boron-nitrogenmixture clusters [48] . We found that Si@C 32 of 0.7 eV, but have different values of , which are −8.149 and −8.242 eV, respectively, suggesting that substitutional doping is more favourable for Si. In fact, what the experiment found is a substitutional doping of SiC 31 , and not an endohedral doping of Si@C 32 [44, 45] .
Conclusions
In conclusion, pure, endohedrally doped, and substitutionally doped C 32 clusters have been studied using density functional calculations with the GGA. The structure and properties are totally governed by the sp 2 -bonding features of C atoms, which makes the fullerene structure more stable, while the Si atom is still threefold connected with C atoms. Because of the small size of the C 32 cage, it is not easy to trap atoms or molecules inside.
